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Abstract Co
Cr
An investigation into the effects of acrodynamic and Ca
aeroelastic scaling parameters on model scale he- ¢
licopter rotors has been conducted in the NASA d
Langley Transonic Dynamics Tunnel. The effect of D
varying Reynolds number, blade Lock number, and €
structural elasticity on rotor performance has been Iy
studied and the performance results are discussed
herein for two different rotor blade sets at two ro- L
tor advance ratios. One set of rotor blades were Miip
rigid and the other set of blades were dynamically M 90
scaled to be representative of a main rotor design for N
a utility class helicopter. The investigation was con- %R
densities permits the acquisition of data for several Req 90
Reynolds and Lock number combinations. v
z
Nomenclature
0
A balance axial force, lbs
a speed of sound, ft/sec H
ao airfoil section lift curve slope Ho
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rotor drag coefficient, D/pr R*(QR)?
rotor lift coefficient, L/pr R*(QR)?
rotor torque coefficient, Qr/prR3*(QR)?
nominal blade chord, ft
rotor diameter, ft
rotor drag, lbs, D = Nsina, + Acos o,
flapping hinge offset, percent radius
blade mass moment of inertia about
flapping hinge, slug — ft?, feR mrdr
rotor lift, lbs, L = N cos a; — Asin oy
rotor tip Mach number in hover, QR/a
rotor tip Mach number at ¢y = 90°
balance normal force, [bs
rotor shaft torque, ft —1Ib

t di  ft

rotor tip Reynolds number at

Y =90° | per foot

free-stream velocity, ft/sec

distance from wind-tunnel floor to rotor
plane of rotation ft

/R 0.75, degrees

twist angle built into rotor blade,
positive nose up, degrees

rotor advance ratio, V/{1R
viscosity, Ib — sec/ ft?

American Institute of Aeronautics and Astronautics



Introduction

In general, the development of any new aircraft and
in particular a new helicopterF rotor system requires
large amounts of analysis and testing. As rotor
technology has developed, new rotor systems have
become increasingly complex. Today’s newer rotor
systems often include hingeless or bearingless hubs,
the rotor blades incorporate unique planform and
twist geometries, as well as utilize advanced airfoils.
Therefore, it is desirable to test model-scale rotors
to verify a candidate design before committing large
amounts of resources to full-scale design verification
testing. The use of model-scale rotors to achieve
this design verification is cost effective and also per-
mits a much easier variation of model parameters
to conduct design studies and optimizations. How-
ever, in order to obtain the maximum benefit from
model-scale testing of helicopter rotor systems, one
must pay great attention to the aerodynamic envi-
ronment in which the model is to be tested. When
testing a model-scale rotor system, some compro-

1 ilh  t b d Iti t th dl

model-scale rotor, the most important parameters
are those involved with matching the correct aero-
dynamic forces, namely Mach number and Reynolds
number. Rotor blade Lock number ensures that
the rotor has the correct aerodynamic damping and
aerodynamic coupling characteristics.! Thus, for the
measurement of rotor loads; Lock number and rotor
blade elasticity should also be considered.

For performance testing at model scale, matching
the full-scale tip Mach number is required to du-
plicate compressibility effects and also to minimize
the reduction in Reynolds number. The importance
of simulating the correct tip Mach number is espe-
cially dependent upon the rotor airfoils selected due
to the relatively high Mach numbers encountered by
the advancing blade. In order to match full-scale tip
Mach number, one must operate the model rotor at
the same tip speed as the full-scale vehicle if tested
in air. The reduced scale of the model leads to much
higher rotor speed to achieve the desired tip Mach
number. This means that the rotational velocity of
the scale-model must be multiplied by the recipro-
cal of the geometric scale factor. For example, the
rotational velocity of a 1/5th size model-scale rotor
would be 5 times that of the full-scale helicopter.
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This in turn leads to high centrifugal loads on the
model. Additionally, it is not possible to match both
full-scale tip Mach numbers and Reynolds numbers
with a model-scale rotor being tested in air at atmo-
spheric pressures and density. Thus, it can be seen
that attempting to develop and test a model-scale
helicopter rotor is not such an easy task. But what
are some of the effects of matching or not matching
full-scale values of the key parameters?

The importance of Reynolds number in considering
flow similarity has been well established in fixed wing
aerodynamics. However, it’s effect on rotary wing
aerodynamics is not as well understood. As of 1972,
few comparisons had been done between full-scale
data and model-scale data.? As recently as 1985,
Carr® states that little had been done to determine
the influence of Reynolds number on dynamic stall,
since it is difficult to vary Reynolds number signifi-
cantly without introducing compressibility effects as
well. Unsteadiness can also have a significant ef-
fect on transition. Therefore, proper representation
of the Reynolds number effect on dynamic stall re

edges of a rotor s operating envelope

A few effects of Reynolds number on model-scale ro-
tor testing are known. Keys,* states that in air, even
though model rotors are tested at full-scale tip Mach
numbers, the Reynolds number is low by the ratio of
the geometric scale factor. This is the primary cause
of differences between full-scale rotor performance
and model-scale rotor test data. The difference be-
tween model-scale and full-scale performance data
consists of an incremental profile power variation at
zero thrust and additional profile power increment
which is a function of the lift coefficient. Another
example of the variation in profile power with lift
coefficient and Reynolds number occurs in models
with tapered tips. The very low Reynolds number
of the tapered tip can cause premature separation
that does not occur at full-scale. In forward flight,
unsteady aerodynamic stall delay effects are much
larger at model-scale than at full-scale. So, it has
been shown that even though model-scale rotors can
be tested at full-scale tip Mach numbers, the lower
Reynolds number at model-scale can have a power-
ful effect on the measurement of rotor performance
coefficients.
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According to Bingham and Kelley,® the effects of
Reynolds number on the performance of scaled
model rotors increases with increasing forward flight
velocity and decreases with increasing tip chord of
non-rectangular blades. The Reynolds number influ-
ences become most significant as the retreating blade
airfoil sections approach or exceed the maximum lift
coefficients characteristic of model-scale Reynolds
number. Induced power benefits should not be sig-
nificantly altered by Reynolds number variations,
but the influence on profile power is substantial.
However, Reynolds number influences at higher ad-
vance ratios or thrust coefficients for Bingham and
Kelley’s investigation did not permit direct exper-
imental verification of the above conclusion. This
lack of verification resulted in concern that design
opportunities may be overlooked if model-scale test
results are not properly evaluated.

One method of achieving full scale tip Mach num-
bers while also obtaining relatively high Reynolds
number for a scale model is by using a heavy gas
test medium.® Yeager and Mantay showed that
Mach number effects on model rotor data obtained
in Refrigerant-12 (R-12) are essentially the same as
full-scale rotor aerodynamic performance data ob-
tained in air.” Yeager and Mantay also indicated
that the Reynolds number effects might be minor
in rotor aerodynamic performance testing compared
to the combined effects of rotor solidity and blade
elastic properties. Therefore, blade elastic modeling
should also be considered a significant parameter in
model-scale rotor aerodynamic performance testing.
Finally, to fully model the complex aerodynamic en-
vironment of a helicopter rotor system, some atten-
tion must be paid to the rotor blade Lock number,
~, which is defined as the ratio of the blade aero-
dynamic forces to the blade inertia forces. Correct
scaling of rotor Lock number is important for the
prediction of rotor loads and stability. However, its
contribution to the rotor aerodynamic environment
can not be neglected as it directly affects blade flap-
ping angles. Still, it would be desirable to isolate
the various effects of Reynolds number, Lock num-
ber, and blade elasticity so as to more fully under-
stand their total effect upon predicting full scale he-
licopter rotor performance and dynamic loads from
scale-model rotor tests.

Even at the moderately high Mach numbers in which
a typical helicopter rotor operates, the effect of
Reynolds number can be significant. These effects
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upon maximum lift coefficient are illustrated in Fig-
ure 2 for a 63 series airfoil section.!' The Reynolds
number effect is also apparent in plots of minimum
section drag coefficients. The range of Reynolds
numbers achieved by testing in a heavy gas is in-
dicated on Figure 2 as well as the typical range for
model-scale rotor blades tested in air at atmospheric
pressure.

A study has been conducted in the NASA Langley
Transonic Dynamics Tunnel which investigated the
isolated and combined effects of varying several aero-
dynamic and dynamic scaling parameters.® These
parameters were Reynolds number, rotor blade Lock
number, and blade elasticity. Two sets of geometri-
cally similar rotor blades were tested: a rigid blade
set and a set of blades which were dynamically scaled
to be representative of the main rotor of a utility
class helicopter (e.g. the U.S. Army UH-60 Black-
hawk helicopter). This paper presents some forward
flight results of that study pertinent to how the vari-
ation in Reynolds number; Lock number, and blade
structural elasticity affects the performance mea-
surements for a model-scale helicopter rotor system.

Test Apparatus and Procedures

The data presented herein were obtained via the
Aeroelastic Rotor Experimental System (ARES)
and the NASA Langley Transonic Dynamics Tunnel
(TDT). The ARES is a fly-by-wire belt-driven rotor
system testbed which is used to experimentally test
dynamically scaled models of up to approximately
nine feet in diameter. The Transonic Dynamics Tun-
nel incorporates the use of a heavy gas test medium
to permit the testing of scale model aircraft at rel-
atively high densities (thus higher Reynolds num-
ber), lower speed of sound (and thus higher Mach
numbers), and subtle changes in the ratio of spe-
cific heats as well as viscosity. These differences ease
the manufacturing requirements for building a set of
model-scale rotor blades.”

Wind Tunnel

The TDT is a continuous-flow tunnel with a slotted
test section capable of operation up to Mach 1.2 at
stagnation pressures of 0.1 to 1.0 atmosphere. The
tunnel test section is 16 feet square with cropped cor-
ners and has a cross-sectional area of 248 ft?. Cur-
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rently, either air or refrigerant-134a (R-134a) may
be used as the test medium. At the time that these
data were taken, the Transonic Dynamics Tunnel
used refrigerant-12 (R-12) as the test medium. For
this study, data were taken over a range of tunnel
operating densities from 0.00382 slugs/ ft3 to 0.009
slugs/ft3. Because of its high density at normal
atmospheric pressure and low speed of sound, the
use of R-12 aids the matching of model-scale ro-
tor Mach number to full-scale values and provides
Reynolds numbers greater than that obtainable us-
ing air. Furthermore, some restrictions on model
structural design parameters are eased while main-
taining dynamic similarity. The heavier test medium
permits a simplified structural design to obtain the
required stiffness characteristics, and thus eases de-
sign and fabrication requirements of the model.’

Aeroelastic Rotor Experimental System

The ARES has a streamlined fuselage enclosing the
rotor controls and drive system. The ARES is
powered by a variable frequency synchronous mo-
tor rated at 47 horsepower output at 12,000 RPM.
The motor is connected to the rotor shaft through a
belt-driven two-stage speed reduction system. The
ARES rotor control system and rotor shaft angle of
attack are remotely controlled from the wind tunnel
control room. The model rotor shaft angle of at-
tack is varied by an electrically controlled hydraulic
actuator. Blade collective pitch and lateral and lon-
gitudinal cyclic pitch are input to the rotor shaft
through a swashplate. The swashplate 1s moved by
three hydraulic actuators.

Instrumentation on the ARES allows continuous dis-
plays of model rotor control settings, rotor mo-
ments and forces, blade structural moments, and
pitch link loads. The ARES rotor shaft pitch at-
titude is measured by a static accelerometer, and
rotor control positions are measured by linear po-
tentiometers connected to the swashplate. Rotor
blade flapping and lagging are measured by rotary
potentiometers mounted on the rotor hub and geared
to the rotor cuff. Rotor shaft speed is determined
by a magnetic sensor. The rotating blade data are
transferred through a 30-channel slip-ring assembly.
Rotor forces and moments are measured by a six-
component strain-gage balance mounted below the
rotor pylon and drive system. The balance is fixed
with respect to the rotor shaft and pitches with the
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fuselage and by design, fuselage forces and moments
are not sensed.

Rotor Blades and Hub

The model rotor hub used in this investigation is a
four-bladed articulated hub with coincident lead-lag
and flapping hinges. The hub was operated with a
pitch-flap coupling ratio of 0.5 (flap up, pitch down).
The attachment point of the blade pitch link was 1.4
inches aft of the blade pitch axis.

Two blade sets were used for this evaluation and
both blade sets were 1/6-size and Mach-scaled rep-
resentations of UH-60A rotor blades. The first blade
set was a dynamically scaled (elastic) version of the
UH-60A rotor. The second blade set was designed
to be approximately four times more stiff in flapwise
bending and approximately twice as stiff in chord-
wise bending and torsion as the elastic blade set.
These blades are referred to as the “rigid” blade set.
The dynamic characteristics of the rigid blade set
do not represent actual helicopter blades in terms of
flapwise (out-of-plane), chordwise (in-plane), or tor-
sional stiffness. They were included in the investiga-
tion solely to isolate the effects of structural elastic-
ity. Both blade sets were untapered with a 20° swept
tip with sweep initiating at the 94-percent-radius
station and used SC1095 and SC1095-R8 airfoils
(Figure 3). Aerodynamic characteristics of these
airfoils are documented by Noonan.'® The area,
thrust-weighted, and torque-weighted solidities for
the rotor were each 0.0825. Planform geometry and
twist distribution of these blades are shown in Fig-
ure 3. One blade of each blade set was instrumented
with resistance-wire strain-gage bridges calibrated
to measure blade structural moments. These gages
were used to monitor limit loads for safety consider-
ations. Embedded in each rigid blade were four hol-
low steel tubes, two extending along the leading edge
and two along the trailing edge of the blade spar cen-
tered about the quarter-chord. These tubes allowed
for distributed non-structural mass to be added to
the blades from the blade root to 80 percent radius.
Steel or tungsten rods were inserted into these tubes
to ballast the blade to obtain the desired Lock num-
ber for the tunnel test medium operating density.
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Testing Methods and Data Reduction

The focus of this investigation was to examine the ef-
fects of Mach number, Lock number, Reynolds num-
ber, and dynamic scaling upon rotor performance.
Therefore, both blade sets were evaluated over the
same range of nominal test conditions defined by tip
Mach number, My;,, rotor lift coefficient, C'7 and
rotor drag coefficient or propulsive force, C'p. Each
blade set was ballasted for a specific test medium
density. At each test point, the rotor rotational
speed and tunnel conditions were adjusted to give
the desired values of My;, and rotor advance ra-
tio, p. Blade collective pitch, #, and shaft angle-
of-attack, a; were then swept to obtain variations
in rotor lift and propulsive force. At each collective
pitch and shaft angle setting, the cyclic pitch was
used to remove rotor first-harmonic flapping with re-
spect to the rotor shaft and then data were recorded.
The maximum value of collective pitch attained at
each shaft angle of attack was determined in most
cases by either blade load limits or the ARES drive
system limits. Rotor aerodynamic performance and
blade loads were measured in forward flight at two
advance ratios for a, from 0° to —11.8°. Varia-
tions in Reynolds number and Lock number were
achieved by varying the tunnel operating density
and/or blade ballast.

Model dead weight tares were determined through-
out the range of shaft angles of attack with the
blades on and with them removed for each configu-
ration of blade ballast. Aerodynamic rotor hub tares
were determined with the blades removed through-
out the ranges of shaft angle of attack and advance
ratios investigated. Both dead weight and aerody-
namic hub tares have been removed from the data
presented herein. All data were acquired at z/d
equal to 0.87. No correction has been applied to the
data to account for tunnel wall effects; however, for
the flight conditions tested these effects have been
shown to be small.® All strain-gage and balance
voltage readings were zeroed with the blades rest-
ing on the down stops and non-rotating prior to
each test run. At each test point, tunnel parame-
ter data were averaged and stored digitally. Perfor-
mance data, i.e. fixed system forces and moments,
were averaged and stored as digital counts. At the
completion of each run, all strain-gage and balance
voltage readings were again recorded with the blades
resting on the down stops and non-rotating. These
final voltage readings were used to correct for any
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amplifier voltage drift.

The quality of the performance data obtained during
this investigation with regards to repeatability was
addressed. During the test, 52 target data points
were randomly selected to be repeated. The total
number of actual repeat points was 102. The average
deviation in Cr,Cp, and Cg was determined from
the differences between selected target values and
the repeated values. The average deviations for con-
stant values of p, ag, 8, and rotor cyclic pitch were
determined to be as follows:

Cr, £ 0.00004
Cp =+ 0.00001
Co +0.00001

Discussion of Results

Based on the results reported by Yeager and Man-
tay, the first parameter to be studied was the ef-
fect of rotor blade elasticity upon rotor performance
coefficients. As seen in Figure 4, a small effect of
varying blade stiffness is seen at low values of rotor
Cr. However, at higher advance ratios this effect
is not apparent (Figure 5). As noted, the results
dealing with “rigid versus elastic” blade sets pre-
sented herein are different than those which were
originally presented by Yeager and Mantay.” This
may be caused by the relative differences between
“rigid blades” in each case. The original study states
that the “rigid” blades were an order of magnitude
more stiff than the baseline blades, while in the case
of this investigation, the “rigid” blades were only 2-4
times more stiff. There may also be differences due
to the fact that the earlier configuration was a tee-
tering rotor while this configuration is an articulated
configuration.

Because of the small effects due to blade elasticity
determined in this investigation 1t was decided to
examine the effects of variations in Reynolds num-
ber and Lock number through data obtained via the
rigid blade set. The reason being is that this particu-
lar set of data were taken over a greater range of test
medium density and hence a wider range Reynolds
number and rotor blade Lock number. Over the
range of test medium densities utilized, the Reynolds
number of the advancing blade tip increases from
approximately 5.3 to 14.1 million per foot and Lock
number increases from 9.4 to 15.1.
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As test medium density is increased, the Reynolds
number seen by the blade increases. If the blades
are not re-ballasted to give the desired Lock number
then we see results such as those shown in Figure 6
and Figure 7 taken at g = 0.15. As can be seen
in these figures, there is no apparent effect of in-
creasing Reynolds number, but Lock number is also
increasing. The data presented for p = 0.15 were
taken at a constant a; = —1.8°. By isolating the
effects of varying Lock number while maintaining a
constant Reynolds number, it can be seen that at
a higher Lock number there is a definite and signif-
icant increase in rotor Cg and Cp at a given Cf,
(Figure 8 and Figure 9). Conversely, if a constant
Lock number is maintained and Reynolds number is
increased, then the expected decrease in rotor Cg
at a given Cp is noted (Figure 10 and Figure 11).
These trends were repeated at p = 0.35 as shown
in Figure 12 through Figure 17. The data presented

for p = 0.35 were taken at a constant oy = —5.0°.

The question may be raised as to whether or not ex-
perimental results dealing with differences in Lock
number agree with theory? The answer appears to
be “yes”. Based on a cursory examination of trends
based on equations developed from blade element
theory and presented in Gessow and Myers,'? the
trends in Cg at constant C, are in agreement. To be
more specific, the equations show that an increase in
Lock number will result in an increase in Cg and the
data show the same trends. Reynolds number trends
in the data also agree with theory. Rotor torque de-
creases with increased Reynolds number indicating
a decrease in rotor blade profile drag (Figure 10 and
Figure 16). The effect of Reynolds number is also
seen in the decrease in rotor propulsive force with in-
creased advance ratio indicating a reduction in blade
drag on the retreating side of the rotor disk where
viscous effects should dominate (Figure 11 and Fig-
ure 17).

Another way of looking at the data is to examine
the effect of varying Lock and Reynolds number for
a specific rotor task as defined by constant Cr (Fig-
ure 18 through Figure 23). These data are obtained
by cross plotting from rotor C'r versus Cg and Cp,
versus Cp curves to generate rotor C'p versus rotor
Cq. Travel along the curves represent an increase
in g4 from 0.15 to 0.35 as propulsive force C'p in-
creases (becomes more negative). Figure 18 through
Figure 20 illustrate data taken at constant tunnel
operating density while Figure 21 through Figure 23

show data taken at constant Lock number. Once
again it is evident that both Lock and Reynolds
number effects are significant at model-scale. At
a specified rotor task, increasing Lock number in-
creases rotor torque required. Figure 21 through
Figure 23 are more complex as Reynolds number is
increased due to both p and increasing tunnel oper-
ating density. It is important to note that at higher
advance ratios the torque decrease due to increas-
ing tunnel operating density is greater than at lower
advance ratios as expected.

Conclusions

In conclusion, it has been shown that Reynolds num-
ber and Lock number effects are very important to
the testing of model-scale rotor systems for heli-
copter rotor performance. It is known that it is not
possible to simultaneously match all key full-scale
aerodynamic parameters. The best course of action
for testing model-scale rotors is to match the tip
Mach number and test at as high a Reynolds num-
ber as 1s feasible and at the full-scale value of Lock
number. Testing model-scale rotors in a heavy gas
environment has also proven very successful, partic-
ularly testing rotors in R-12. It is anticipated that
the merit of testing in heavy gas will continue with
the next generation of refrigerant, R-134a. The data
presented herein support the following conclusions:

1. Reynolds number effects are important when
testing model scale rotor systems. A decrease
in rotor Cg is indicated at a given value of rotor
Cr when testing at higher Reynolds numbers.

2. Lock number is also an important parameter
when measuring rotor performance coefficients.
An increase in rotor Cg is indicated at a given
value of rotor C'r when testing at higher Lock
numbers.

3. It may be possible to offset performance losses
caused by low Reynolds number testing by ad-
justing Lock number for model-scale rotors, but
further testing would be necessary to investigate
this phenomena more fully.

In summary, through careful attention to model scal-
ing parameters and test conditions, it is desirable to
test new helicopter rotor systems at model-scale to
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prove or disprove new design concepts before moving
on to full-scale development where the cost of para-
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Figure 13: Reynolds number effect on rotor drag at Figure 16: Reynolds number effect on rotor torque

p = 0.35 with varying Lock number. at g = 0.35 at constant Lock number.
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Figure 14: Lock number effect on rotor torque at

4t = 0.35 at constant Reynolds number. Figure 17: Reynolds number effect on rotor drag at

# = 0.35 at constant Lock number.
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Figure 15: Lock number effect on rotor drag at u =
0.35 at constant Reynolds number. Figure 18: Effect of Lock number at C'r, = 0.005.
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Figure 19: Effect of Lock number at ¢, = 0.007.
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Figure 20: Effect of Lock number at ¢ = 0.008.
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Figure 21: Effect of Reynolds number at constant

Lock number for C'r, = 0.005.
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Figure 22: Effect of Reynolds number at constant
Lock number for Cr, = 0.007.
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Figure 23: Effect of Reynolds number at constant
Lock number for Cr, = 0.008.
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